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METHOD FOR FORMING SIDEWALL
SPACERS AND SEMICONDUCTOR DEVICES
FABRICATED THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation application of co-
pending U.S. patent application Ser. No. 17/198,777 filed
Mar. 11, 2021, which 1s incorporated by reference in 1ts
entirety.

BACKGROUND

The semiconductor mndustry has experienced continuous
rapid growth due to constant improvements 1n the integra-
tion density of various electronic components. For the most
part, this improvement 1n integration density has come from
repeated reductions in minimum feature size, allowing more
components to be integrated into a given chip area. In
multiple channel transistors, mner spacers are formed
between source/drain features and metal gate structures
around ends around end of channel regions. Traditionally,
iner spacers are formed by recessing semiconductor mate-
rials, such as cladding layer and a portions spacing channels,
and depositing a dielectric material in place of the recessed
semiconductor materials. However, as minimum feature size
reduces, 1t becomes challenging to form inner spacers
around all channels and without gaps.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FIG. 1 1s a flow chart of a method for manufacturing of
a semiconductor device according to embodiments of the
present disclosure.

FIGS. 2-7, 8A-8C, 9A-9C, 10A-10C, 11A-11E, 12A-12E,
13A-13C, 14A-14C, 15A-15D, 16 A-16E, 17A-17D, 18A-
18E, and 19A-19F schematically illustrate various stages of
manufacturing a semiconductor device according to
embodiments of the present disclosure.

FIGS. 20A-20C, 21A-21C, 22A-22E, 23A-23E, and 24 A-
24F schematically illustrate various stage of manufacturing
a semiconductor device according to another embodiment of
the present disclosure.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing diflerent fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments 1n
which the first and second features are formed in direct
contact, and may also mclude embodiments 1n which addi-
tional features may be formed between the first and second
teatures, such that the first and second features may not be
in direct contact. In addition, the present disclosure may

10

15

20

25

30

35

40

45

50

55

60

65

2

repeat reference numerals and/or letters in the various
examples. This repetition 1s for the purpose of simplicity and
clarity and does not in itsell dictate a relationship between
the various embodiments and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “over,” “top,” “upper” and the
like, may be used herein for ease of description to describe
one element or feature’s relationship to another element(s)
or feature(s) as illustrated in the figures. The spatially
relative terms are intended to encompass different orienta-
tions of the device 1n use or operation 1n addition to the
orientation depicted in the figures. The apparatus may be
otherwise oriented (rotated 64 degrees or at other orienta-
tions) and the spatially relative descriptors used herein may
likewise be mterpreted accordingly.

The foregoing broadly outlines some aspects of embodi-
ments described in this disclosure. While some embodi-
ments described herein are described in the context of
nanosheet channel FETs, implementations of some aspects
of the present disclosure may be used in other processes
and/or 1 other devices, such as planar FETs, Fin-FETs,
Horizontal Gate All Around (HGAA) FETs, Vertical Gate
All Around (VGAA) FETs, and other suitable devices. A

person having ordinary skill 1n the art will readily under-
stand other modifications that may be made are contem-
plated within the scope of this disclosure. In addition,
although method embodiments may be described 1n a par-
ticular order, various other method embodiments may be
performed 1n any logical order and may include fewer or
more steps than what 1s described herein. In the present
disclosure, a source/drain refers to a source and/or a drain.
A source and a drain are interchangeably used.

The gate all around (GAA) transistor structures may be
patterned by any suitable method. For example, the struc-
tures may be patterned using one or more photolithography
processes, ncluding double-patterning or multi-patterming
processes. Generally, double-patterning or multi-patterning
processes combine photolithography and self-aligned pro-
cesses, allowing patterns to be created that have, for
example, pitches smaller than what 1s otherwise obtainable

using a single, direct photolithography process. For
example, 1n one embodiment, a sacrificial layer 1s formed
over a substrate and patterned using a photolithography
process. Spacers are formed alongside the patterned sacri-
ficial layer using a self-aligned process. The sacrificial layer
1s then removed, and the remaining spacers may then be
used to pattern the GAA structure.

Embodiments of the present disclosure provide methods
for forming inner spacers for multi-channel transistors.
Particularly, the present disclosure provides a method of
forming a sidewall spacer by filling a trench between a
hybrid fin and a semiconductor fin structure. The sidewall
spacer mcludes two fin sidewall spacer portions connected
by a gate sidewall spacer portion. The fin sidewall spacer
portion has a substantially uniform profile to provide uni-
form protection for vertically stacked channel layers.

FIG. 1 15 a flow chart of a method 100 for manufacturing
ol a semiconductor device according to embodiments of the
present disclosure. FIGS. 2-7, 8 A-8C, 9A-9C, 10A-10C,
11A-11E, 12A-12E, 13A-13C, 14A-14C, 15A-15D, 16A-
16E, 17A-17D, 18A-18E, and 19A-19F schematically 1llus-
trate various stages ol manufacturing an exemplary semi-
conductor device 200 according to embodiments of the
present disclosure. Particularly, the semiconductor device
200 may be manufactured according to the method 100 of

AR 4 4
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FIG. 1. FIGS. 2-7 are schematic perspective views of
various stages of the semiconductor device 200 during
tabrication.

At operation 102 of the method 100, a plurality of channel
layers and a plurality of spacing layers for multi-channel
transistors, such as nanosheet transistors. FIG. 2 1s sche-
matic perspective view of the semiconductor device 200. As
shown 1 FIG. 2, a substrate 202 1s provided to form the
semiconductor device 200 thereon. The substrate 202 may
include a single crystalline semiconductor material such as,
but not limited to Si1, Ge, S1Ge, GaAs, InSb, GaP, GaSbh,
InAlAs, InGaAs, GaSbP, GaAsSb, and InP. The substrate
202 may 1nclude various doping configurations depending
on circuit design. For example, the substrate 202 may one or
more p-doped regions and one or more n-doped regions.

In operation 102, a semiconductor stack 208 including
alternating spacing layers 204 and semiconductor channel
layers 206 1s formed the substrate 202. The spacing layers
204 and semiconductor channel layers 206 have different
compositions. In some embodiments, the spacing layer 204
and the semiconductor channel layer 206 have different
oxidation rates and/or different etch selectivity. In later
fabrication stages, portions of the semiconductor channel
layers 206 form nanosheet channels 1n a multi-gate device.
Three spacing layers 204 and three semiconductor channel
layers 206 are alternately arranged as 1llustrated 1n FIG. 2 as
an example. More or less spacing layers 204 and channel
layers 206 may be included depending on the desired
number ol channels in the semiconductor device to be
formed. In some embodiments, the number of spacing layers
204 and the channel layers 206 1s between 1 and 10.

When n-type devices are to be formed over the substrate
202, the spacing layer 204 may include silicon germanium
(S1Ge) and the semiconductor channel layer 206 may
include silicon. The spacing layer 204 may be a S1Ge layer
including more than 25% Ge 1n molar ratio. For example, the
spacing layer 204 may be a Si1Ge layer including Ge in a
molar ration 1n a range between 25% and 50%. In some
embodiments, the semiconductor channel layer 206 may be
a Ge layer. The semiconductor channel layer 206 may
include n-type dopants, such as phosphorus (P), arsenic
(As), efc.

When P-type devices are to be formed over the substrate
202, the spacing layer 204 may include silicon germanium
(S1Ge), and the semiconductor channel layer 206 may
include p-type dopants, such as boron etc. The spacing layer
204 may be a Si1Ge layer including more than 25% Ge 1n
molar ratio. For example, the spacing layer 204 may be a
S1Ge layer including Ge in a molar ration 1n a range between
25% and 50%. The semiconductor channel layer 206 may
include silicon, Ge, a compound semiconductor such as SiC,
GeAs, GaP, InP, InAs, and/or InSb, an alloy semiconductor
such as Si1Ge, GaAsP, AllnAs, AlGaAs, InGaAs, GalnP,
and/or GalnAsP, or combinations thereof. In some embodi-
ments, the semiconductor channel layer 206 may be a Ge
layer.

The spacing layers 204 and the semiconductor channel
layers 206 may be formed by a molecular beam epitaxy
(MBE) process, a metalorganic chemical vapor deposition
(MOCVD) process, and/or other suitable epitaxial growth
Processes.

In operation 104, a hard mask layer 210 and a top spacing
layer 212 are formed over the semiconductor stack 208, as
shown 1n FIG. 2. The hard mask layer 210 1s deposited over
the topmost semiconductor channel layer 206. The hard
mask layer 210 may be any sutable material allowing
selective removal of the top spacing layer 212, a cladding
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layer to be formed, and/or the spacing layer 204 during
formation of sidewall spacers, inner spacers, and replace-
ment gate. In some embodiments, the hard mask layer 210
includes silicon oxide, silicon nitride, silicon oxynitride, or
a combination thereof. The hard mask layer 210 has a
thickness 1 a range between about 2 nm and 6 nm. A
thickness less than 2 nm may be not enough to function as
an etch stop. A thickness more than 6 nm may increase the
device dimension without additional performance benefit.

The top spacing layer 212 i1s formed over the hard mask
layer 210. The top spacing layer 212 may be form from
material that may be selectively removed from the semicon-
ductor channel layers 206 during subsequent processing for
sidewall spacer formation, inner spacer formation, and for
replacement gate formation. In some embodiments, the top
spacing layer 212 1s formed from the same material as the
spacing layers 204. For example, the top spacing layer 212
may include silicon germanium (S1Ge), such as a SiGe layer
including Ge 1n a molar ration 1n a range between 25% and
50%. In some embodiments, the top spacing layer 212 may
be formed from the same materials as a sacrificial gate
clectrode layer, such as silicon, or polycrystalline silicon.

The combined thickness of the hard mask layer 210 and
the top spacing layer 212 1s 1n a range to allow formation of
gate dielectric and gate electrode layer on the topmost
channel layers 206 with the gate electrode layer has an
adequate landing range for gate contact features. In some
embodiments, the thickness of the top spacing layer 212 is
in a range between about 15 nm to 30 nm. A thickness less
than 15 nm may be not enough to perform a gate dielectric
layer and gate electrode of desirable quality. A thickness
more than 30 nm may increase the device dimension without
additional performance benefit.

In operation 106, {in structures 214 are formed and an
isolation layer 216 1s formed in the trenches between the fin
structures 214, as shown 1n FIG. 3. The fin structures 214 are
from the semiconductor stack 208, the hard mask layer 210,
and the top spacing layer 212. The {in structures 214 may be
formed by patterning and etching the top spacing layer 212,
the hard mask layer 210, and the semiconductor stack 20 by
one or more etching processes. In FIG. 3, the fin structures
214 are formed along the X direction.

The 1solation layer 216 1s formed 1n the trenches between
the fin structures 214 by a suitable deposition followed by an
etch back process. In some embodiments, a semiconductor
liner (not shown) may be formed over exposed portions of
the fin structures 214 and the mask layers (not shown) over
the fin structures 214 prior to deposition and etching back of
the of the 1solation layer 216. The 1solation layer 216 may be
formed by a high-density plasma chemical vapor deposition
(HDP-CVD), a flowable CVD (FCVD), or other suitable
deposition process. In some embodiments, the 1solation
layer 216 may 1nclude silicon oxide, silicon mitride, silicon
oxynitride, fluorine-doped silicate glass (FSG), a low-k
dielectric, combinations thereol. In some embodiments, the
1solation layer 216 1s formed to cover the fin structures 214
by a suitable deposition process to fill the trenches between
the fin structures 214, a planarization process may be
performed to expose the top spacing layer 212 and then
recess etched using a suitable anisotropic etching process to
expose the semiconductor stack 208 of the {in structures 214,
as shown in FIG. 3.

In operation 108, a cladding layer 218 1s formed on
sidewalls of the fin structures 214, as shown 1n FIG. 4. The
cladding layer 218 may be formed by an epitaxial growth
from exposed semiconductor materials of the fin structures
214, followed by a directional etching to expose a top
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surface of the top spacing layer 212. In some embodiments,
the cladding layer 218 includes a semiconductor material,
for example SiGe. In some embodiments, the cladding layer
218 may have a composition similar to the composition of
the spacing layer 204 and the top spacing layer 212, thus
may be selectively removed from the semiconductor channel
layer 206.

In operation 110, hybrid fins 220 are formed in the
trenches between the neighboring fin structures 214 after
formation of the cladding layer 218, as shown 1n FIG. 5. The
hybrid fins 220, also referred to as dummy fins or dielectric
fins, mclude a high-k dielectric material layer, a low-k
dielectric material layer, or a bi-layer dielectric matenal
including high-k upper part and a low-k lower part. In some
embodiments, the hybrid fins 220 include a high-k metal
oxide, such as HIO,, ZrO,, HfAlOx, HtS10x, Al,O,, and the
like, a low-k material such as SIONC, S1CN, S10C, or other
dielectric material. In the example of FIG. 5, the hybrid fin
220 1s a bi-layer structure including a dielectric liner layer
222 and a dielectric filling layer 224. In some embodiments,
the dielectric liner layer 222 may 1nclude a dielectric mate-
rial, such as SIONC, S1CN, S10C, or other dielectric mate-
rial, that provide etch resistance during replacement gate
processes. The dielectric filling layer 224 may a dielectric
material with a k value less than about 7, such as S10,, SiN,
SIONC, S1CN, S10C, or a combination thereof. In some
embodiments, the dielectric filling layer 224 incudes silicon
oxide.

After formation of the dielectric filling layer 224, a
planarization process 1s performed to expose the cladding
layer 218. The hybrid fins 220 are then recess etched by any
suitable process, such as dry etch, wet etch, or a combination
thereol. The etch process may be a selective etch process
that does not remove the semiconductor material of the
cladding layer 218. The recess process may be controlled so
that the dielectric liner layer 222 and the dielectric filling
layer 224 are substantially at the same level as a top surface
of the topmost channel layer 206.

In operation 112, high-k dielectric features 226 are formed
over the hybrid fins 220, as shown 1n FIG. 6. The high-k
dielectric features 226 are formed 1n the recesses over the
hybrid fins 220. The high-k dielectric features 226 are
configured to function as an 1solation between sections of a
gate electrode layer to be formed in the semiconductor
device 200.

In some embodiments, the high-k dielectric features 226
are formed by a blanket deposition followed by a planar-
ization process. The high-k dielectric features 226 may
include a material having a k value greater than 7, such as
H1O,, 7ZrO,, HIAIOx, HiS10x, or Al,O;. Any suitable
deposition process, such as a CVD, PECVD, FCVD, or ALD
process, may be used to deposit the high-k dielectric mate-
rial. As shown in FIG. 7, after operation 112, top surfaces of
the high-k dielectric features 226, the cladding layers 218
and the top spacing layer 212 are substantially co-planar.

In operation 114, a sacrificial gate electrode layer 228, a
pad layer 230 and a mask layer 232 are sequentially formed
over the top spacing layer 212, the cladding layer 218, and
the lhigh-k dielectric features 226, as shown 1n FIG. 7. The
sacrificial gate electrode layer 228, pad layer 230 and mask
layer 232 may be formed by sequential blanket deposition.

In some embodiments, the sacrificial gate electrode layer
228 includes sacrificial gate electrode layer 228 silicon such
as polycrystalline silicon or amorphous silicon. The thick-
ness of the sacrificial gate electrode layer 1s 1n a range
between about 40 nm and about 200 nm. In some embodi-
ments, the sacrificial gate electrode layer 228 1s subjected to
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a planarization operation. The sacrificial gate electrode layer
228 may be deposited using CVD, including LPCVD and

PECVD, PVD, ALD, or other suitable process.

The pad layer 230 and the mask layer 232 are formed over
the sacrificial gate electrode layer 228. The pad layer 230
may include silicon nitride. The mask layer 232 may include
s1licon oxide.

In operation 116, sacrificial gate structures 234 are
formed, as shown 1n FIGS. 8A-8C. FIG. 8A 1s a schematic
perspective view of the semiconductor device 200. FIG. 8B
1s a schematic sectional view of the semiconductor device
200 along the line B-B on FIG. 8A. FIG. 8C 1s a schematic
sectional view of the semiconductor device 200 along the
line C-C on FIG. 8A.

In operation 116, a patterning operation 1s performed on
the mask layer 232, the pad layer 230, the sacrificial gate
clectrode layer 228 and the sacrificial gate dielectric layer
218 to form the sacrificial gate structures 234. The sacrificial
gate structures 234 by patterning the mask layer 232 and the
pad layer 230 and etching the sacrificial electrode layer 228,
the top spacing layer 212, and the cladding layers 218 using
the mask layer 232 and the pad layer 230 as etching mask.
The sacrificial gate structures 234 are formed over portions
of the fin structures 214 which are to be channel regions.

According to embodiments of the present disclosure,
portions of the cladding layers 218 and the top spacing layer
212 that are not covered by the patterned mask layer 232 are
removed during operation 116. The exposed top spacing
layer 212 1s removed to expose the hard mask layer 210 on
cach fin structure 214. The hard mask layer 210 functions as
an etch stop layer and protecting the semiconductor stack
208 underneath. The exposed cladding layers 218 are
removed to expose the 1solation layer 216. The exposed
sacrificial gate electrode layer 228, the top spacing layer 212
and the cladding layer 218 may be removed using the same
or different etch processes depending on the materials 1n the
sacrificial gate electrode layer 228, the top spacing layer 212
and the cladding layer 218. In some embodiments, the
high-k dielectric features 226 maybe recessed along the
z-direction during the formation of the sacrificial gate struc-
tures 234.

Because the hard mask layer 210 on the top of the
semiconductor stack 208 protects the semiconductor stack
208 below during removal of the cladding layer 218, the
cladding layer 218 may be substantially removed along the
z-direction from the sidewall of the fin structures 214,
forming trenches 236¢ with substantially uniform and con-

tinuous dimension along the z-direction.

As shown 1n FIG. 8B, the sacrificial gate structures 234
may 1include the mask layer 232, the pad layer 230, the
sacrificial gate electrode layer 228 and the top spacing layer
212 over the fin structures 214. As shown 1n FIG. 8C, the
sacrificial gate structures 234 may include the mask layer
232, the pad layer 230, the sacrificial gate electrode layer
228 and the cladding layer the fin structures 214.

In operation 118, a sidewall spacer layer 236 1s deposited
over the exposed surfaces of the semiconductor devices 200,
as shown 1n FIGS. 9A-9C. FIG. 9A 1s a schematic perspec-
tive view of the semiconductor device 200. FIG. 9B 1s a
schematic sectional view of the semiconductor device 200
along the line B-B on FIG. 9A. FIG. 9C 1s a schematic
sectional view of the semiconductor device 200 along the
line C-C on FIG. 9A.

The sidewall spacer layer 236 may be formed by any
suitable deposition to cover all exposed surfaces on the
semiconductor device 200. As shown 1in FIGS. 9A-9C, the

sidewall spacer layer 236 1s deposited over top surfaces and
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sidewalls of the sacrificial gate structures 234, top surfaces
and sidewalls of the fin structures 214, side walls of the
hybrid fins 220, top surfaces and sidewalls of the high-k
dielectric features 226, and exposed surfaces of the 1solation
layer 216. In some embodiments, the sidewall spacer layer
236 fills the trenches between the hybrid fins 220 and the fin
structures 214. In other embodiments, air gaps (not shown)
may be formed in the sidewall spacer layer 236, particularly,
in the areas in the trenches between the hybrid fins 220 and
the fin structures 214.

In some embodiments, the sidewall spacer layer 236 1s
formed by a blanket deposition of one or more layers of
insulating material. The sidewall spacer layer 236 may be
formed by ALD or CVD, or any other suitable method. In
some embodiments, the insulating material of the sidewall
spacer layer 236 1s a silicon nitride-based material, such as
S1N, S1ON, S10CN or S1CN and combinations thereof.

In some embodiments, the sidewall spacer layer 236 1s
subjected to anisotropic etching to remove the sidewall
spacer layer 236 from horizontal surfaces, such as the top
surface of the hard mask layer 210 and the top surface of the
mask layer 232. The sidewall spacer layer 236 on the
horizontal surfaces may be removed after the deposition in
operation 118. In other embodiments, the sidewall spacer
layer 236 on the horizontal surfaces may be removed during
fin structure etch back i1n operation 120 discussed below.

In operation 120, the fin structures 214 in source/drain
region, or regions not covered by the sacrificial gate struc-
tures 234, are etched back, as shown in FIGS. 10A-10C.
FIG. 10A 1s a schematic perspective view of the semicon-
ductor device 200. FIG. 10B 1s a schematic sectional view
of the semiconductor device 200 along the line B-B on FIG.
10A. FIG. 10C 1s a schematic sectional view of the semi-
conductor device 200 along the line C-C on FIG. 10A.

The fin structures 214 not covered by the sacrificial gate
structures 234 are etched to expose the substrate 202 under-
neath the fin structures 214. In some embodiments, suitable
dry etching and/or wet etching may be used to remove the
semiconductor layers 206, the spacing layers 204, together
or separately.

According to embodiments of the present disclosure, the
sidewall spacer layer 236 formed between the removed {in
structures 214 and the neighboring hybnid fin 220 1s also
removed. In some embodiments, the portions of the sidewall
spacer layer 236 may be removed during recess etch of the
fin structures 214. In other embodiments, the portions of the
sidewall spacer layer 236 may be removed using a different
process. In some embodiments, the high-k dielectric features
226 maybe recessed along the z-direction during the recess
etch of the fin structures 214.

As shown 1n FIGS. 10A-10C, source/drain recesses 238
are formed between the neighboring hybrid fins 220 on both
sides of each sacrificial gate structure 234. Each source/drain
recess 238 by defined by the dielectric liner layers 222 of
neighboring hybrid fins 220 and the high-k dielectric fea-
tures 226 above the hybrid fins 220 along the y-axis, and by
the sidewall spacer layer 236 on neighboring sacrificial gate
structures 234 along the x-axis. A top surface 202¢ of the
substrate 202 and end surfaces 206e of the semiconductor
channel layers 206 are exposed to the source/drain recesses
238.

After operation 120, the remain portions of the sidewall
spacer layer 236 are generally a planar structure formed on
the sidewalls of the sacrificial gate structures 234 and
extending down to the 1solation layer 216 1n the source/drain
recess 238. Particularly, the sidewall spacer layer 236 may
include a gate sidewall spacer portion 236¢ extending to fin
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sidewall spacer portions 236f. The gate sidewall spacer
portion 236¢g 1s 1n contact with the mask layer 232, the pad
layer 230, the sacrificial gate electrode 228, the top spacing
layer 212 under the sacrificial gate electrode layer 228. The
gate sidewall spacer portion 236¢g contacts the hard mask
layer 210 above the fin structures 214 and the high-k
dielectric features 226 above the hybrid fins 220. The fin
sidewall spacer portions 236/ are 1n contact with the clad-
ding layers 218 formed in the regions between the hybrd
fins 220 and the fin structures 214. The gate sidewall spacer
portion 236¢ 1s connected and extending to the fin sidewall
spacer portions 236/ on both sides of the fin structure 214.

Because the fin sidewall spacer portions 236/ are from a
conformal deposition 1nto a continuous space as part of the
trench 236¢ (shown in FIG. 8A) vacated by the cladding
layer, each fin sidewall spacer portion 236/ has substantially
the same dimension along the z-axis, thus, providing even
coverage to on the sidewalls of all of the semiconductor
channel layers 206.

Because the gate sidewall spacer portion 236g and the {in
sidewall spacer portions 236/ are formed during the same
deposition process, the gate sidewall spacer portion 236g
and the fin sidewall spacer portions 236f have substantially
the same thickness along the x-axis and there 1s no gap
therebetween, thus, provide improved 1solation and avoids
leakages.

In some embodiments, the gate sidewall spacer portion
236¢ and the fin sidewall spacer portion 236/ have a sub-
stantially the same thickness. In some embodiments, the gate
sidewall spacer portion 236g and the fin sidewall spacer
portion 236/ have a thickness T1 along the x-axis 1n a range
from about 2 nm to about 20 nm. In other embodiments, the
thickness T1 1s in a range from about 5 nm to about 15 nm.
A thickness less than 2 nm may be provide enough 1solation
function. A thickness greater than 20 nm may increase
dimension of the device without additional benefits.

In operation 122, the fin structures 214 under the gate
sidewall spacer portions 236g are recessed etched for form-
ing nner spacers, as shown i FIGS. 11A-11E. FIG. 11A 1s
a schematic perspective view of the semiconductor device
200. FIG. 11B 1s a schematic sectional view of the semi-
conductor device 200 along the line B-B on FIG. 11A. FIG.
11C 1s a schematic sectional view of the semiconductor
device 200 along the line C-C on FIG. 11A. FIG. 11D 1s a
schematic sectional view of the semiconductor device 200
along the line D-D on FIG. 11A. FIG. 11E 1s a schematic
sectional view of the semiconductor device 200 along the
line E-E on FIG. 11A.

In operation 122, the spacing layers 204 under the gate
sidewall spacer portions 236g are selectively etched along
the horizontal direction, or x-direction, to form inner spacer
cavities 240v between the semiconductor channel layers
206. In some embodiments, the spacing layer 204 can be
selectively etched by using a wet etchant such as, but not
limited to, ammonium hydroxide (NH_,OH), tetramethylam-
monium hydroxide (IMAH), ethylenediamine pyrocatechol
(EDP), or potassium hydroxide (KOH) solutions.

FIG. 11E schematically illustrates the fin sidewall spacer
portions 2367, the gate sidewall portion 236¢, and the inner
spacer cavities 240v around the semiconductor channel
layers 206. Because the spacing layers 204 are substantially
of the same geometry, the inner spacer cavities 240v may be
formed in a substantially unform manner.

In some embodiments, the inner spacer cavities 240v may
have a length T2 substantially similar to the thickness of the
gate sidewall spacer portions 236¢ and the fin sidewall
spacer portions 236/. In some embodiments, the length 12
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along the x-axis 1n a range from about 2 nm to about 20 nm.
In other embodiments, the length T2 1s 1n a range from about
5> nm to about 15 nm. A length T2 less than 2 nm may be
provide enough space for an mnner spacer with suflicient
isolation function. A length T2 greater than 20 nm may
increase dimension of the device without additional benefits.

In operation 124, inner spacers 240 are formed in the
iner spacer cavities 240v, as shown i FIGS. 12A-12FE.
FIG. 12A 1s a schematic perspective view of the semicon-
ductor device 200. FIG. 12B 1s a schematic sectional view
of the semiconductor device 200 along the line B-B on FIG.
12A. FIG. 12C 1s a schematic sectional view of the semi-

conductor device 200 along the line C-C on FIG. 12A. FIG.
12D 1s a schematic sectional view of the semiconductor

device 200 along the line D-D on FIG. 12A. FIG. 12E 15 a
schematic sectional view of the semiconductor device 200
along the line E-E on FIG. 12A.

The inner spacers 240 are formed 1n the inner spacer
cavities 240v by conformally deposit and then partially
remove an insulating layer. The insulating layer can be
formed by ALD or any other suitable method. The subse-
quent etch process removes most of the insulating layer
except 1nside the cavities, resulting in the inner spacers 240.

FIG. 12E schematically illustrates the fin sidewall spacer
portions 236/, the gate sidewall portion 236g, and the inner
spacers 240 around the semiconductor channel layers 206.
Each semiconductor channel layer 206 has a top surface
206¢, a bottom surface 2065 opposing the top surface 206¢,
and two sidewalls 206s connecting the top surface 2067 and
the bottom surface 20656. The bottom surface 2065 and top
surfaces 206¢ are parallel to the x-y plane. As shown in FIG.
12E, the sidewalls 206s of each semiconductor channel layer
206 are 1n contact with the fin sidewall spacer portion 236f,
and the top surface 206¢ and bottom surface 2065 are 1n
contact with the mner spacers 240. Thus, end portions of
cach semiconductor channel layer 206 are surrounded by the
iner spacers 240 and the fin sidewall spacer portions 236f.

As discussed above, the length 12 of the inner spacer
cavities 240t along the x-direction may be substantially the
same as the thickness T1 of the fin sidewall spacer portions
236f. Theretore, the length of the inner spacers 240 along the
x-direction may be substantially the same as the thickness
T1 of the fin sidewall spacer portions 236f. Accordingly, the
end portions of each semiconductor channel layer 206 may
be surrounded by the mner spacers 240 and the fin sidewall
spacer portions 236/ of substantially uniform thickness, thus,
with improved 1solation.

The 1nner spacers 240 may be formed by conformally
deposit an insulating material followed by an etch back
process to remove the insulating material outside the inner
spacer cavities 240v. The insulation material may be formed
by ALD or CVD, or any other suitable deposition. In some
embodiments, the insulating material of the inner spacers
240 1s a silicon nitride-based material, such as SiN, S1ON,
S10CN or S1CN and combinations thereof. In some embodi-
ments, the 1nner spacers 240 and the sidewall spacer layer
236 may be formed from the same material. In other
embodiments, the inner spacers 240 and the sidewall spacer
layer 236 may be formed from the different materials.

At operation 126, epitaxial source/drain features 242 are
formed, as shown 1n FIGS. 13A-13C. FIG. 13A 1s a sche-
matic perspective view of the semiconductor device 200.
FIG. 13B 1s a schematic sectional view of the semiconductor
device 200 along the line B-B on FIG. 13A. FIG. 13C 15 a
schematic sectional view of the semiconductor device 200

along the line C-C on FIG. 13A.
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The source/drain features 242 may include source/drain
teatures for N-type devices and/or P-type devices. When the
semiconductor device 200 includes N-type devices and/or
P-type devices, masks are used and patterning processes are
performed to sequentially form the source/drain features 242
for the N-type devices and/or P-type devices.

For n-type devices, the epitaxial source/drain features 242
may include one or more layers of S1, S1P, S1C and S1CP. The
epitaxial source/drain features 242 also include N-type dop-
ants, such as phosphorus (P), arsenic (As), etc. In some
embodiments, the epitaxial source/drain features 242 may be
a S1 layer includes phosphorus (P) dopants.

For p-type devices, the epitaxial source/drain features 242
may include one or more layers of S1, S1Ge, Ge with p-type
dopants, such as boron (B). In some embodiments, the
epitaxial source/drain features 242 may be S1GeB matenal,
wherein boron 1s a dopant.

The epitaxial source/drain features 242 may be formed by
any suitable method, such as by CVD, CVD epitaxy,
molecular beam epitaxy (MBE), or any suitable deposition
technique. The epitaxial source/drain features 242 may
include one or more layers of epitaxial materials grown from
the exposed top surface 2027 of the substrate 202 and the end
surfaces 206 of the semiconductor channel layers 206. In
FIG. 13A, the cross section of the epitaxial source/drain
features 242 1n the y-z plane are in an octagonal shape.
However, the epitaxial source/drain features 242 may be
other shapes according to the design.

As shown i FIGS. 13B and 13C, the epitaxial source/
drain features 242 has channel surfaces 242¢ 1n contact with
the semiconductor channel layers 206 at the end surface
206¢. The channel surface 242c¢ also contacts the inner
spacers 240 and the fin sidewall spacer portions 236/. In the
example of FIGS. 13A-13C, a top surface 242¢ of the
epitaxial source/drain features 242 1s at a level adjacent the
hard mask layer 210. In some embodiments, the top surface
242¢ of the epitaxial source/drain features 242 may extend
beyond the hard mask layer 210 and the channel surface
242¢ 1s 1n contact with the gate sidewall spacer portion 236g.

At operation 128, a contact etch stop layer (CESL) 244
and an interlayer dielectric (ILD) layer 246 are formed over
the semiconductor device 200, as shown 1n FIGS. 14A-14C.
FIG. 14A 1s a schematic perspective view of the semicon-
ductor device 200. FIG. 14B 1s a schematic sectional view
of the semiconductor device 200 along the line B-B on FIG.
14A. FIG. 14C 1s a schematic sectional view of the semi-
conductor device 200 along the line C-C on FIG. 14A.

The CESL 244 i1s conformally formed over exposed
surfaces of the semiconductor device 200. The CESL 244 1s
formed on the epitaxial source/drain features 242, the gate
sidewall spacers portions 236g, the fin sidewall spacer
portions 236/, and the hard mask layer 210 11 exposed. and
the 1solation layer 216. The CESL 244 may include SiN,
S10N, S1CN or any other suitable material, and may be
tformed by CVD, PVD, or ALD.

The interlayer dielectric (ILD) layer 1s formed over the
CESL 244. The matenials for the ILD layer 246 include
compounds comprising S1, 0, C, and/or H, such as silicon
oxide, SICOH and S10C. Organic materials, such as poly-
mers, may be used for the ILD layer 246. In some embodi-
ments, the ILD layer 246 may be formed by flowable CVD
(FCV). The ILD layer 246 protects the epitaxial source/drain
features 242 during the removal of the sacrificial gate
structures 234.

At operation 130, the sacrificial gate electrode layer 234
1s at least partially removed, as shown in FIGS. 15A-15D.
FIG. 15A 1s a schematic perspective view of the semicon-
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ductor device 200. FIG. 15B 1s a schematic sectional view
of the semiconductor device 200 along the line B-B on FIG.
15A. FIG. 15C 1s a schematic sectional view of the semi-
conductor device 200 along the line C-C on FIG. 15A. FIG.
15D 1s a schematic sectional view of the semiconductor
device 200 along the line D-D on FIG. 15A.

The sacrificial gate electrode layer 234 1s recessed to a
level below the top surface of the high-k dielectric features
226. In some embodiments, the sacrificial gate electrode
layer 234 1s completed removed along with portions of the
top spacing layer 212 and the cladding layer 218, as shown
in FIGS. 15A-15D. The sacrificial gate electrode layer 234
and portions of the top spacing layer 212 and the cladding
layer 218 may be removed by any suitable process, such as
dry etch, wet etch, or a combination thereof. In some
embodiments, a wet etchant such as a tetramethylammo-

nium hydroxide (ITMAH) solution 1s used. The ILD layer
246 and the CESL layer 244 are not etched.
At operation 132, a patterning process 1s performed, and

the high-k dielectric features 226 are selectively removed, as
shown 1n FIGS. 16 A-16E. FIG. 16A 1s a schematic perspec-

tive view of the semiconductor device 200. FIG. 16B 1s a
schematic sectional view of the semiconductor device 200
along the line B-B on FIG. 16A. FIG. 16C 1s a schematic

sectional view of the semiconductor device 200 along the
line C-C on FIG. 16A. FIG. 16D 1s a schematic sectional

view of the semiconductor device 200 along the line D-D on
FIG. 16A. FIG. 16E 1s a schematic sectional view of the
semiconductor device 200 along the line E-E on FIG. 16E.

As discussed above, the high-k dielectric features 226 are
intended as dielectric i1solations between sections of con-
ductive materials 1 gate structures. At operation 132, a
patterned photoresist layer 248 1s formed over the high-k
dielectric features 226 to be kept in the semiconductor
devices 200. The high-k dielectric features 226 not covered
by the patterned photoresist layer 248 1s subsequently
removed. The removal process may be any suitable pro-
cesses, such as dry etch, wet etch, or a combination thereof.
After operation 132, the dielectric liner layer 222 and the
diclectric filling maternial 224 under the removed high-k
dielectric features 226 are exposed. In some embodiments,
the gate sidewall spacer portion 236g may be also removed.
The patterned photoresist layer 248 1s then removed for
subsequent processing.

In operation 134, the top spacing layer 212, cladding
layers 218, spacing layers 204, and hard mask layer 210 are
removed to expose the semiconductor channel layers 206, as
shown 1n FIGS. 17A-17D. FIG. 17 A 1s a schematic sectional
view of the semiconductor device 200 along the A-A line in
FIG. 17B. FIG. 17B 1s a schematic sectional view of the
semiconductor device 200 along the line B-B on FIG. 17A.
FIG. 17C 1s a schematic sectional view of the semiconductor
device 200 along the line C-C on FIG. 17A. FIG. 17D 1s a
schematic sectional view of the semiconductor device 200
along the line D-D on FIG. 17B.

The top spacing layer 212, cladding layers 218, spacing
layers 204, and the hard mask layer 210 may be removed by
one or more suitable etching process. After removable of the
top spacing layer 212, cladding layers 218, spacing layers
204, and the hard mask layer 210, the semiconductor chan-
nel layers 206 are exposed to gate cavities vacated by the
cladding layers 218, spacing layers 204.

In operation 136, replacement gate structures are formed
around the semiconductor channel layers 206, as shown 1n
FIGS. 18A-E. FIG. 18A 1s a schematic sectional view of the
semiconductor device 200 along the A-A line 1n FIG. 18B.
FIG. 18B 1s a schematic sectional view of the semiconductor
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device 200 along the line B-B on FIG. 18A. FIG. 18C 1s a
schematic sectional view of the semiconductor device 200
along the line C-C on FIG. 18A. FIG. 18D i1s a schematic

sectional view of the semiconductor device 200 along the
line D-D on FIG. 18B. FIG. 18F i1s a schematic sectional

view of the semiconductor device 200 along the line E-E on
FIG. 18B.

In some embodiments, the replacement gate structure
includes a gate dielectric layer 250, a gate electrode layer
252, and a self-aligned contact (SAC) layer 254. The gate
dielectric layer 2350 may be conformally deposited on
exposed surfaces 1n the gate cavities. As shown 1n FIGS.
18B and 18C, the gate dielectric layer 250 are formed on the
gate sidewall spacer portions 236g, the fin sidewall spacer
portions 2367, the inner spacers 240, the exposed portion of
the hard mask layer 210, and exposed surfaces of the
semiconductor channel layers 206.

The gate dielectric layer 250 may have different compo-
sition and dimensions for N-type devices and P-type devices
and are formed separately using patterned mask layers and
different deposition recipes. The gate dielectric layer 250
may include one or more layers of a dielectric material, such
as silicon oxide, silicon nitride, or high-k dielectric matenal,
other suitable dielectric material, and/or combinations
thereof. Examples of high-k dielectric material include
H1O,, HIS10, HIS10ON, HiTaO, HiT10, HiZrO, zirconium
oxide, aluminum oxide, titanium oxide, hatnium dioxide-
alumina (H1O,—Al,0,) alloy, other suitable high-k dielec-
tric materials, and/or combinations thereof. The gate dielec-
tric layer 250 may be formed by CVD, ALD or any suitable
method.

The gate electrode layer 252 1s formed on the gate
dielectric layer 250 to fill the gate cavities. The gate elec-
trode layer 252 may include one or more layers of conduc-
tive material, such as polysilicon, aluminum, copper, tita-
nium, tantalum, tungsten, cobalt, molybdenum, tantalum
nitride, nickel silicide, cobalt silicide, TiN, WN, TiAl,
T1AIN, TaCN, TaC, TaSiN, metal alloys, other suitable
materials, and/or combinations thereof. In some embodi-
ments, the gate electrode layer 252 may be formed by CVD,
ALD, electro-plating, or other suitable method. After the
formation of the gate electrode layer 252, a planarization
process, such as a CMP process, 1s performed to remove
excess deposition of the gate electrode material and expose
the top surface of the ILD layer 246.

In some embodiments, a metal gate etching back (MGEB)
process 1s performed to form the self-aligned contact (SAC)
layer 254. One or more etching process 1s performed to
remove portions of the gate dielectric layer 250 and the gate
clectrode layer 252 to form trenches 1n the region above the
remaining gate electrode layer 252. The MGEB process may
be a plasma etching process employing one or more etchants
such as chlorine-containing gas, a bromine-containing gas,
and/or a fluorine-containing gas. The etching process allows
the gate dielectric layer 250 and the gate electrode layer 252
to be selectively etched from the ILD layer 246 and the
CESL 244.

In the MGEB process, the gate dielectric layer 250 and
gate electrode layer 252 are etched back to a level lower than
a top surface of the high-k dielectric features 226. In some
embodiments, the gate sidewall spacer portions 236¢ are
also etched back to a level be lower than the CESL 244 and
higher than the gate electrode layer 252. By etching the gate
sidewall spacer portions 236g below the CESL 244, the gate
sidewall spacer portions 236g can be covered and protected
by the subsequently formed SAC layer 254 while forming
source/drain metal contacts.
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In some embodiments, a metal gate liner, not shown, may
be first deposited on exposed surfaces 1n the trenches above
the gate electrode layer 252 prior to depositing the sacrificial
SAC layer 254. The metal gate liner and the SAC layer 254
may be formed by a suitable deposition process, such as
CVD, PVD, or ALD. The metal gate liner may function as
a diffusion barrier for the gate electrode layer 252. The metal
gate liner may be a dielectric layer including but not limited
to S10, S1N, SiC, SiCN, S10C, S10N, Si0CN, ZrO, ZrN, or
a combination thereof. The SAC layer 254 may be any
dielectric layer that can be used as an etch stop layer during
subsequent trench and via patterning for metal contacts. In
some embodiments, the SAC layer 254 may a high-k dielec-
tric layer. The SAC layer 254 may a dielectric layer includ-
ing but not limited to S10, HiS1, S10C, AlO, ZrS1, AION,
Zr0O, H1O, T10, ZrAlO, ZnO, TaO, LaO, YO, TaCN, SiN,
SIOCN, S1, S10CN, 7ZrN, SiCN, or any combinations
thereol.

After filling the trenches with the SAC layer 254, a
planarization process, such as a CMP process, 1s performed
to remove excess deposition of the SAC layer 254 and metal
gate liner to expose the top surface of the ILD layer 246.

In operation 138, source/drain metal contact features 2358
and gate contact features 260 are formed as shown 1 FIGS.
19A-19F. FIG. 19A 1s a schematic sectional view of the
semiconductor device 200 along the A-A line in FIG. 19B.
FIG. 19B 1s a schematic sectional view of the semiconductor
device 200 along the line B-B on FIG. 19A. FIG. 19C 15 a
schematic sectional view of the semiconductor device 200
along the line C-C on FIG. 19A. FIG. 19D i1s a schematic
sectional view of the semiconductor device 200 along the
line D-D on FIG. 19B. FIG. 19E 1s a schematic sectional
view of the semiconductor device 200 along the line E-E on
FIG. 19B.

Contact holes for source/drain contact features 258 may
be formed through the ILD layer 246 and the CESL 244 to
expose the epitaxial source/drain features 242. A silicide
layer 256 1s selectively formed over an exposed surface of
the source/drain features 242 exposed by the contact holes.
In some embodiments, the silicide layer 256 includes one or
more of WS1, CoS1, Ni1S1, TiS1, MoSi1, and TaSi1. Contact
holes for gate contact features 260 may be formed through
the SAC layer 254 to the gate electrode layer 252.

The source/drain contact features 258 and gate contact
teatures 260 are then formed by filling a conductive material
in the contact holes. In some embodiments, the conductive
material layer for the gate contact may be formed by CVD,
PVD, plating, ALD, or other suitable technique. In some
embodiments, the conductive material for the source/drain
contact features 258 and the gate contact features 260
includes TiN, TaN, Ta, T1, Hf, Zr, N1, W, Co, Cu, Ag, Al, Zn,
Ca, Au, Mg, Mo, Cr, or the like. Subsequently, a CMP
process 1s performed to remove a portion of the conductive
material layer above a top surface of the ILD layer 246.

FIG. 19F 1s a partial schematic view of the semiconductor
device 200 with some layers removed. As shown in FIG.
19F, at end portions, each semiconductor channel layer 206
1s surrounded by fin sidewall spacer portions 236/ and the
iner spacers 240. The hard mask layer 210 remains on the
topmost semiconductor channel layer 206 and the gate
sidewall spacer portion 236g 1s formed over the hard mask

layer 210.

FIGS. 20A-20C, 21A-21C, 22A-22E, 23A-23E, and 24 A-
24F schematically illustrate various stage of manufacturing
a semiconductor device 200a according to another embodi-
ment of the present disclosure. The semiconductor device
200a 1s manufactured by the method 100 discussed above.
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The semiconductor device 200a 1s substantially similar to
the semiconductor device 200a except that the sidewall
spacer layer 236, formed 1n operation 118, includes air gaps
262 as shown 1n FIGS. 20A, 21B, and 20C.

As shown 1n FIGS. 20A and 20C, the air gaps 262 are
formed in the sidewall spacer layer 236 i1n the trenches
between the hybrid fins 220 and the fin structures 214. One
or more air gaps 262 may be a result of deposition condition
and/or geometry of the trenches between the hybrid fins 220
and the fin structures 214. After operation 120, the air gaps
262 may be exposed to the source/drain cavity 238, as
shown 1n FIGS. 20A, 21B, and 20C. After operation 122, the
air gaps 262 remain after the recess etch of the spacing
layers 204, as shown in FIGS. 22A, 22B, 22C, 22D, and
22E. During formation of the inner spacers 240 in operation
124, the exposed air gaps 262 are filled by the matenials of
the inner spacers 240 forming filler spacers 264 1n the fin
sidewall spacer portions 236/, as shown 1n FIGS. 23A, 23B,
23C, 23D, and 23E. FIGS. 24A, 24B, 24C, 24D, and 24E
schematically illustrate the semiconductor device 200q after
formation the gate contact features 260 and the source/drain
contact features 258. As shown in FIG. 24C, the channel
surfaces 242¢ of the epitaxial source/drain features 242 are
in contact with the semiconductor channel layers 206 at the
end surface 206e. The channel surface 242¢ also contacts the
iner spacers 240, the fin sidewall spacer portions 236/, and
the filler spacers 264.

Various embodiments or examples described herein ofler
multiple advantages over the state-of-art technology. By
extending the sidewall spacer along sidewall of the semi-
conductor fin structure, the sidewall spacer according to the
present disclosure has a substantially uniform profile along
the stack of semiconductor channels, thus enables a sub-
stantially umiform protection and eliminates any gaps and
leaks between 1nner spacers and sidewall spacers.

Some embodiments of the present disclosure provide a
semiconductor device. The semiconductor device includes a
source/drain feature, first and second channel layers in
contact with the source/drain feature, and a sidewall spacer
in contact with the source/drain feature, wherein the sidewall
spacer 1ncludes a first fin sidewall spacer portion, a second
fin sidewall spacer portion, and a gate sidewall spacer
portion connecting the first and second fin sidewall spacer
portions, the first fin sidewall spacer portion contacts first
sidewalls of the first and second channel layers, and the
second sidewall fin portion contacts second sidewalls of the
first and second channel layers.

Some embodiments of the present disclosure provide a
semiconductor device. The semiconductor includes first and
second semiconductor channel layers, an inner spacer
formed between the first and second semiconductor channel
layers at end portions of the first and second semiconductor
channel layers, a gate dielectric layer formed on the first and
second semiconductor channel layers and the inner spacer, a
gate electrode layer formed on the gate dielectric layer, and
a sidewall spacer in contact with the first and second
semiconductor channel layers and the gate dielectric layer.

Some embodiments of the present disclosure provide a
method for forming a semiconductor device. The method
includes forming a fin structure including two or more
channel layers and two or more spacing layers formed
between the two or more channel layers, forming cladding
layers on sidewalls of the fin structure, forming hybrid fins
adjacent the cladding layers, depositing a sacrificial gate
clectrode layer over the fin structure, the cladding layers and
the hybrid fins, patterning the sacrificial gate electrode layer
to form a sacrificial gate structure, forming trenches between
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the sidewalls of the fin structure and the hybrid fins by
removing the cladding layer exposed by the sacrificial gate
structure, forming a sidewall spacer in contact with the
sidewalls of the fin structure, recess etching the fin structure,
recess etching the two or more spacing layers, forming inner
spacers 1n place of the recessed spacing layers, and forming
source/drain features.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modilying other

processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

The 1nvention claimed 1s:

1. A semiconductor device, comprising:

a source/drain feature;

first and second semiconductor channel layers in contact
with the source/drain feature;

a gate dielectric layer formed around the first and second
semiconductor channel layers;

a gate electrode layer formed on the gate dielectric layer
and filled between the first and second semiconductor
channel layers; and

a spacer 1n contact with the source/drain feature and the
gate dielectric layer, wherein the spacer comprises
a stdewall portion disposed above and on sides of the

first and second semiconductor channel layers; and
a filler portion disposed inside the sidewall portion.

2. The semiconductor device of claim 1, further compris-
ng:

an 1ner spacer 1in contact with the sidewall portion of the
spacer.

3. The semiconductor device of claim 2, wherein the 1nner
spacer includes a top surface, a bottom surface opposing the
top surface, and first and second sidewalls connecting the
top surface and the bottom surface, the top surface 1s in
contact with the first semiconductor channel layer, the
bottom surface 1s in contact with the second semiconductor
channel layer, and the first sidewall and second sidewall are
in contact with the sidewall portion of the spacer.

4. The semiconductor device of claim 2, wherein the 1nner
spacer and the sidewall portion of the spacer include the
same material.

5. The semiconductor device of claim 4, wherein the filler
portion and the sidewall portion of the spacer are formed
from the same material.

6. The semiconductor device of claim 2, wherein the 1nner
spacer and the sidewall portion of the spacer include ditler-
ent materals.

7. The semiconductor device of claim 2, wherein the filler
portion and the inner spacer are formed from the same
material.

8. The semiconductor device of claim 1, further compris-
ng:

a mask layer formed between the first semiconductor

channel layer and the spacer.

9. The semiconductor device of claim 8, wherein the mask
layer 1s 1n contact with the sidewall portion of the spacer.
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10. A semiconductor device, comprising;:

first and second semiconductor channel layers;

an 1nner spacer formed between the first and second
semiconductor channel layers at end portions of the
first and second semiconductor channel layers;

a gate diclectric layer formed on the first and second
semiconductor channel layers and the mnner spacer;

a gate electrode layer formed on the gate dielectric layer;
and

a sidewall spacer comprising:

a sidewall portion disposed above the first and second
semiconductor channel layers; and

first and second fin portions disposed on sides of the
first and second semiconductor channel layers.

11. The semiconductor device of claim 10, further com-
prising a filler portion disposed 1nside the first fin.

12. The semiconductor device of claim 11, wherein the
filler portion includes an air gap.

13. The semiconductor device of claim 11, wherein the
filler portion and the first fin portion include different
materals.

14. The semiconductor device of claim 11, wherein the
filler portion and the inner spacer include the same matenal.

15. The semiconductor device of claim 11, further com-
prising:

a mask layer formed on the top surface of the first
semiconductor channel layer, and the sidewall portion
of the sidewall spacer 1s formed above the mask layer.

16. The semiconductor device of claim 10, wherein each
of the first and second semiconductor channel layers
includes a top surface, a bottom surface, and first and second
sidewalls connecting the top surface and the bottom surface,
and the sidewall spacer 1s 1n contact with the first and second
sidewalls of the first and second semiconductor channel
layers, and the mner spacer in contact with the top surface
of the second semiconductor channel layer and the bottom
surface of the first semiconductor channel layer.

17. A method for forming a semiconductor device, com-
prising:

forming a fin structure including two or more channel
layers and two or more spacing layers formed between
the two or more channel layers;

forming cladding layers on sidewalls of the fin structure;

forming hybrid fins adjacent the cladding layers;

depositing a sacrificial gate electrode layer over the fin
structure, the cladding layers and the hybnd fins;

patterning the sacrificial gate electrode layer to form a
sacrificial gate structure;

forming trenches between the sidewalls of the fin struc-
ture and the hybrid fins by removing the cladding layer
exposed by the sacrificial gate structure;

depositing an insulating material on the sacrificial gate
structure and 1n the trenches between the sidewalls of
the fin structure and the hybrid fins, wherein air gaps
are formed 1n the trenches between the sidewalls of the
fin structure and the hybnid fins;

recess etching the fin structure;

recess etching the two or more spacing layers to form
Inner spacer cavities;

forming inner spacers in place of the recessed spacing
layers; and

forming source/drain features.

18. The method of claim 17, further comprising:

ctching the msulating material to expose the air gaps, and

wherein forming the inner spacers comprises depositing a
dielectric material 1n the iner spacer cavities and the
exposed air gaps.
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19. The method of claim 17, further comprising;

depositing a mask layer on a topmost of the two or more
channel layers; and

depositing a top spacing layer on the mask layer, wherein
the cladding layers are formed on sidewalls of the mask
layer and the top spacing layer.

20. The method of claim 19, further comprising:

removing the top spacing layer to expose the mask layer
prior to depositing the insulating materal.
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